Impact of virulence-determining traits of the fungus, Metarhizium anisopliae (Sensu lato), isolates 2049, 8762, and 7234, on mortality rate of the date-palm dust mite, Oligonychus afrasiaticus (McGregor) (Acari: Tetranychidae), and host antioxidant defense-related enzymes were evaluated. Laboratory bioassays showed significant differences in the mortality rates of the mite species against fungal infection. Isolate 2049 (LT 50 = 6.43 days; LC 50 = 2.37 × 10 6 conidia/ml) was the most virulent one, revealing (160.64%) higher activity of the cuticle-degrading Protease (Pr1) than least virulent isolate 7234 (LT 50 = 18.44 days; LC 50 = 2.18 × 10 8 conidia/ml). The invading conidial suspensions of the most virulent isolate 2049, established in the present study, successfully evaded the antioxidant-defense mechanism, and resulted in low relative enzymatic activities of the catalases, superoxide dismutases, and glutathione S-transferases, at the lateral stages of infection. The obtained results concluded that M. anisopliae isolate 2049 could be an attractive candidate for the mycopathogen development of controlling date-palm dust mite, O. afrasiaticus.
Background
Date-palm, Phoenix dactylifera L, native to the Arabian Peninsula regions, is one of the oldest domesticated fruit trees with socio-economic importance. This cash crop can be successfully grown in the desert not only because of minimum water requirements, but also being highly tolerant to salinity and harsh weather conditions (Diallo 2005) . There is a tremendous decline in the annual yield (Hg/Ha) of dates in the Kingdom of Saudi Arabia (KSA) compared to the world's yield of dates. Many injurious pests are the main factor that threatens dates production. Among these pests, the date-palm dust mite, Oligonychus afrasiaticus (McGregor) (Acari: Tetranychidae) is one of the major pests that attack datepalm fruits in the KSA.
The management of O. afrasiaticus primarily relies on frequent use of synthetic acaricides and other chemical compounds. Dependence on acaricides is ecologically questionable due to public health concerns, pollution, and food safety issues (El-Saeid and Al-Dosari 2010). Furthermore, pesticide usage is discouraged due to the harmful side effects of killing non-target and beneficial species (Amalin et al. 2000) . In addition, acaricides are not considered for the long-term management of O. afrasiaticus because of problems of pest resurgence, environmental pollution, costliness, applicator safety, and the persistence of residues in the fruits. These concerns raised the dire need to research eco-friendly alternate measures for the management of O. afrasiaticus. Consequently, use of biological control agents such as entomopathogenic fungi (EPF) has become an acceptable technique.
Naturally occurring EPF is considered an important alternative in reversing agriculture's hazardous dependence on acaricides/pesticides. Most EPF belongs to Entomophthorales and Hypocreales. Currently, approximately 51 genera with 9000 isolates of EPF species have been reported to infect numerous pest species Ali et al. 2018 ). Many studies have been carried out to explore the bio-control potential of EPF against different species of mites other than O. afrasiaticus. The only study conducted against the date-palm dust mite was mainly focused on the synergistic response of fungal conidia with Phytol to enhance their response (AlJabr et al. 2018) .
The present study aimed to evaluate the virulence of M. anisopliae isolates against the date-palm dust mite, O. afrasiaticus under laboratory conditions and to gain insights into the antioxidant defense mechanism against fungal infections.
Materials and methods

Mite collection and maintenance
Infested date-palm fruits with O. afrasiaticus were collected from the National Center for Palms and Dates, Al-Ahsa, KSA and King Faisal University Research areas, KSA in 2017. The mites were incubated under laboratory conditions (25 ± 1°C, 62.5 ± 12.5 % R.H., and a 16: 8 h (L:D) photoperiod).
Biological control agent
Entomopathogenic fungus, Metarhizium anisopliae, isolates (2049, 8762, and 7234) were used to evaluate their potential against O. afrasiaticus. EPF isolates were grown on potato dextrose agar (Oxoid, Hampshire, UK) in Petri plates (115 × 20 mm). After inoculation, cultures were kept at 25 ± 0.5°C, 70% ± 5% RH in complete darkness.
Evaluation of virulence factors Conidial viability
A 24-day-old culture of each tested isolate was harvested, using a sterile scalpel to prepare conidial suspension, using 0.05% Tween 80 (Sigma-Aldrich Cat # P4780). Conidial suspension with a concentration of 1 × 10 7 conidia/ml was prepared under a compound microscope (× 400), using a Neubauer hemocytometer (Wertheim, Germany). The conidial viability of each M. anisopliae isolate was determined by inoculating 5 PDA-Petri dishes (5.5 cm) with 50 μl conidial suspension (1 × 10 7 spores/ml).
Viability data were calculated after 18 h post-inoculation as described by Hussain et al. (2010) . Each experimental unit's percent viability was calculated by viewing 100 conidia at × 400 magnification under compound microscope.
Cuticle degrading protease activity
The protease (Pr1) activity of the conidial suspensions of all tested isolates was assayed by recording the release of nitroanilide (NA) at 405 nm, using succinyl-Ala-Ala-Pro-Phe-p-nitroanilide substrate as described by Hussain et al. (2015) .
Laboratory pathogenicity bioassays
The pathogenicity of each isolate of M. anisopliae was calculated on the basis of LT 50 (lethal time to 50% mortality) and LC 50 (lethal concentration to 50% mortality). The LT 50 values for all tested isolates were calculated by infecting the date-palm dust mite with a single concentration. In brief, conidial suspension with a single concentration (1 × 10 7 conidia/ml), separately prepared for each isolate, was used to dip pesticide-free date-palm leaf disks (length 7.5 × width 4 cm). After air-drying, 25 mite individuals (deutonymphs), with the aid of a camel-hair brush, were transferred on the leaves, surrounded with a wet cotton. Control treatment of the date-palm leaf disks was likewise prepared using 0.05% Tween 80. Five replicates, using 5 different populations, were prepared and incubated at 25 ± 1°C, 62.5 ± 12.5% RH, and a 16:8 h (L:D) photoperiod. In addition, the study was repeated in the next season. Conidial response in terms of host mortality was recorded daily to calculate LT 50 values, using Probit analysis.
In the case of LC 50 determination, 5 concentrations (1 × 10 5 , 1 × 10 6 , 1 × 10 7 , 1 × 10 8 , and 1 × 10 9 conidia/ml) for each isolate were prepared in 0.05% Tween 80. Pesticide-free date-palm leaf disks (length 7.5 × width 4cm) were separately dipped into the 5 different concentrations. Twenty-five date-palm dust mites (deutonymphs) were carefully transferred on dampened cotton, using a camel-hair brush. In the case of the control, leaf disks were treated by a 0.05% Tween 80 solution. Five replicates were prepared using five different populations. Each experimental unit was incubated under controlled conditions, disclosed in the above section. Concentration-mortality response was recorded every 24 h to calculate the LC 50 , using Probit analysis. In both tests, dead mites were surface-sterilized and shifted into Petri dishes lined with dampened sterile filter paper. Mycosis of the inoculating fungal isolate was confirmed by microscopic examination.
Antioxidant defense mechanism of date palm dust mites
A single concentration (1 × 10 7 conidia/ml) of each tested isolate was used to infect the mites. Approximately, 1000 deutonymphs were allowed to feed for 9 days on conidial suspension treated with date-palm leaf disks. Overall, 3 mite samples (3, 6, and 9 days) with a 3-day difference for enzyme analysis were taken for homogenization under icecold potassium phosphate buffer in a glass homogenizer. After centrifugation, each supernatant was used to quantify protein, using Bradford (1976) methodology.
Catalase (CAT) activity was calculated, following the Aebi (1984) methodology. In brief, 25 μl of the sample was mixed with 665 μl of 50 mM PBS buffer and 10 μl of H 2 O 2 to determine their absorbance in the spectrophotometer at 240 nm. Five replicates were likewise prepared.
Superoxide dismutase (SOD) activity of each sample was calculated with the Beauchamp and Fridovich (1971) methodology, mainly based on the generation of superoxide anions in the presence of light in response to reduce flavins. Five replicates were separately likewise prepared.
Glutathione S-transferase (GST) activities were calculated following the Habig et al. (1974) protocol, using chloro-dinitro-benzene (CDNB) and dichloronitrobenzene (DCNB). The homogenated sample was added into the microplate reader for 5 min for equilibration in the presence of CDNB and reduced glutathione. Absorbance was recorded in the spectrophotometer at 340 nm. Five replicates were prepared.
Statistical analysis
The data on conidial viability (%) and Pr1 activities (μm NA released/ml/min) were analyzed by one-way ANOVA. The mortality data of date-palm dust mites were angularly transformed. Abbott's formula was used to correct the mortality rates of the mites (Abbott 1925) . The data of the mortality rates and of the enzymatic activities of CAT, SOD, and GST relative to control treatment were analyzed by repeated measures ANOVA. Differences among the means were compared with Fisher's LSD test (Statistix 2003) .
Results and discussion
Pathogen virulence
The present study revealed that all isolates exhibited more than 96% conidial viability (F = 0.36; df = 2, 12; P = 0.708), even from the least virulent studied isolate 7234. These findings are in agreement with previous studies indicating that low virulence among highly viable isolates of fungi reflects that virulence is regulated by multiple sets of traits (Hussain et al. 2015 and Hussain et al. 2016 ). In the present study, significant differences (F = 101; df = 2, 12; P < 0.0001) in Pr1 activity in all of the studied EPF isolates were also recorded. Among all isolates, 2049 showed the highest Pr1 activity. The highest Pr1 activity from the most pathogenic isolate was consistent with St. Leger et al. (1987b) , who found that Pr1 is an important pathogenicity determinant by providing nutrition to the pathogen and assistance in host cuticle penetration. The highest levels of Pr1, as observed previously by biochemical, immunological, and histochemical assays (St. Leger et al. 1987a) , and confirmed here from the most pathogenic isolate (2049), revealed the significance of this enzyme in host pathogenesis. A previous study also revealed that Pr1 inhibition led to a delay in the disease symptoms of the target host, Manduca sexta (St. Leger et al. 1988 ). Hussain (2018) studied the reprogramming of virulence and strengthened the present study's findings by revealing that the invading pathogen, especially fungal isolate virulence, was directly proportional to its expressions of protease enzymes and their genes. Similar enzymatic activities and their expressions were also depicted in the present study, enabling us to suggest that, among virulence factors, protease enzymes can play a pivotal role in the virulence of the tested isolates.
Pathogenicity assessment of Metarhizium anisopliae isolates
Susceptibility of the date-palm dust mite to infection with different isolates of M. anisopliae at a single-tested concentration (1 × 10 7 conidia/ml) varied significantly among isolates (F = 3576.72; df = 2, 40; P < 0.0001), time intervals (F = 173.65; df = 4, 40; P < 0.0001), and their interactions (F = 51.75; df = 8, 40; P < 0.0001), as shown in Fig. 1 . The conidial suspension of M. anisopliae 2049 found to be a highly virulent isolate due to its lowest LT 50 value (6.43 days; Table 1 ). Furthermore, infection of the same isolate 2049 in O. afrasiaticus also showed the highest mortality rate (85.20%) during the Fig. 1 Oligonychus afrasiaticus percent corrected cumulative mortality rates when fed on date-palm leaf disks infected with different isolates of Metarhizium anisopliae at the same concentration (1 × 10 7 conidia/ ml). Bars (means ± SE) followed by different letter(s) are significantly different (Fisher's LSD test, α = 0.05) course of the entire experimentation (Fig. 1) . Similarly, enhanced mortality response of 2049 over time was reported against Coptotermes formosanus Shiraki (Hussain et al. 2017) and Ocinara varians Walker (Hussain et al. 2009 ). These findings showed that the effectiveness of 2049 in terms of pathogenicity against all these hosts revealed a valuable feature of being a broad-spectrum mycopathogen.
The acaricidal potential of M. anisopliae isolates against O. afrasiaticus, evaluated here, exhibited a concentration-dependent mortality response (Fig. 2) . However, significant differences in mortality at all tested concentrations (F = 148.50; df = 4, 40; P < 0.0001), with different isolates (F = 639.13; df = 2, 40; P < 0.0001), and their interactions (F = 14.19; df = 8, 40; P < 0.0001) were observed. Maximum mortality (> 90%) was achieved from the treatment in which date-palm leaf disks were treated by the highest concentration (1 × 10 9 conidia/ml) of 2049. Overall, 2049 exhibited the lowest LC 50 value (Table 1 ). The superiority of 2049 in terms of pathogenicity could be attributed to strong host specificity. On the other hand, isolate 7234 exhibited very high LT 50 values (18.44 days) due to the slow mortality response. Obtained findings with regard to the low mortality of 7234 are in agreement with Shah et al. (2007) , and Hussain et al. (2015) , who reported that the low virulence of the fungal isolate was attributed to a little expression of cuticle-degrading proteases (Pr1). Based on these results, it could be suggested that the low mortality rate might due to little abundance of the right set of traits involved in the virulence of EPF.
Evaluation of Oligonychus afrasiaticus antioxidant defense mechanism
The host has evolved an efficient antioxidant defense system to eliminate reactive oxygen species (ROS) generated as a result of fungal infections. Conidial infection with M. anisopliae isolates in the date-palm dust mite induced the enzymatic activities of first-line antioxidant enzymes such as superoxide dismutase (SOD), to catalyze superoxide radicals (O 2 •− ) into hydrogen peroxide. Results showed significant differences in the SOD activities of date-palm dust mites calculated at different times (F = 48.55; df = 12, 24; P < 0.0001), with different fungal isolates (F = 85.27; df = 2, 24; P < 0.0001), and their interaction (F = 356.29; df = 4, 24; P < 0.0001) as shown in Table 2 . The highest SOD activity, as depicted in the present results, among datepalm dust mites at the start of infection agrees with the results of Gretscher et al. (2016) and Hussain et al. (2017) . However, a decline in SOD activities with time from the most virulent isolate 2049, corroborates with AlJabr et al. (2018) , who suggested that decline in SOD activities at a lateral infection stage from virulent isolates led to ROS elimination failure. Such circumstances may stop the cellular processes of the target host by the denaturation of biomolecules (AlJabr et al. 2018) .
Catalase is an important antioxidant defense enzyme that protects key cellular elements against oxidative damages by metabolizing H 2 O 2 into hydrogen and oxygen. Infections of M. anisopliae isolates induced different levels of CAT activities (Table 2) . Date-palm dust mite exposure to different isolates of M. anisopliae (F = 12.91; df = 2, 24; P < 0.0001), different intervals (F = 49.39; df = 12, 24; P < 0.0001), and their interactions (F = 156.55; df = 4, 24; P < 0.0001) revealed significant differences in CAT activities. The most virulent 2049 isolate, established in the present study revealed low CAT activities. These findings suggest that reduced CAT activities slows down the elimination of reactive oxygen species. Reduced CAT expression, corroborated here and reported before by Jia et al. (2016) , is in agreement with the previous study on toxin-pathogen synergy evaluation by the exploration of host-pathogen interactions (AlJabr et al., 2018) . On the other hand, high CAT activities at the lateral stages of the experiment from the date-palm dust mite infected with the least virulent isolate 7234 suggest the safe removal of ROS. Infectivity of all tested isolates of M. anisopliae (F = 3.64; df = 2, 24; P < 0.05), at different time intervals (F = 200.49; df = 12, 24; P < 0.0001), and their interactions (F = 175.09; df = 4, 24; P < 0.0001), revealed significant differences in glutathione S-transferases (GSTs) activities of the date-palm dust mite ( Table 2 ). The patterns of GST activities depicted in the present study are in agreement with previous studies that described low relative GST activities from the most potent treatment (Jia et al. 2016 and AlJabr et al. 2018) . Such a pattern may suggest that infectivity of conidial suspensions regulates GST activities and variations among different treatments are mainly because of the virulence of the isolates.
Conclusion
The present study on the host-pathogen interaction for the first time reported the virulence of M.
anisopliae isolates as bio-agents against the date-palm dust mite, O. afrasiaticus. Virulence-determinant traits of M. anisopliae 2049 successfully evade the antioxidant defense mechanism of the mite, resulting in its death. Future studies should focus on the formulation and application of strategies to develop eco-friendly mycopathogen-based biological control management of the date-palm dust mite. 
